À2 , only about one tenth of the estimated mean surface mixed layer heat flux to the sea ice. It is thus concluded that the vertical transport of heat from the Atlantic Water in the central basin is unlikely to have a significant impact to the Canada Basin ocean surface heat budget. Icebreaker conductivity-temperature-depth data from the Beaufort Gyre Freshwater Experiment show that the staircase is absent at the basin periphery. Turbulent mixing that presumably disrupts the staircase might drive greater flux from the Atlantic Water at the basin boundaries and possibly dominate the regionally averaged heat flux.
Introduction
[2] Warm and salty water enters the Arctic Ocean from the North Atlantic and subducts beneath the relatively cold and fresh surface waters to occupy a layer between about 250 and 800 m in the Canada Basin. It has long been noted that the heat contained in this Atlantic Water (AW) layer, if somehow transported vertically to the surface, is sufficient to completely melt the Arctic sea ice cover [e.g., Rudels et al., 2004] . The large vertical salinity (and hence density) gradient above the AW in the Canada Basin inhibits the upward heat flux there. One of the most significant contemporary changes to occur in the Arctic Ocean has been a warming of the AW layer. Maximum temperatures of these waters are more than 1°C warmer since the 1990s compared to 1950 -1989 [Shimada et al., 2004; Morison et al., 2000; Serreze et al., 2000] . However, the impact to the sea ice cover of this AW heat content increase is only significant where it is energetically possible to transport this heat to the surface mixed layer. We focus here on estimating the vertical transport of heat from the AW. Well-mixed layers of uniform temperature and salinity have been observed at the upper boundary of the AW in the Canada Basin [Neal et al., 1969; Neshyba et al., 1971 Neshyba et al., , 1972 Neal and Neshyba, 1973; Perkin and Lewis, 1984; Padman and Dillon, 1987 , 1988 , 1989 . This staircase structure is believed to be maintained by double-diffusive convection that can occur when colder, fresher water lies above warmer, salty water. By this mechanism, heat from the AW is transported upward across the diffusive interfaces between the well-mixed layers in the staircase.
[3] Padman and Dillon [1987, 1988, 1989 ] used microstructure measurements of temperature, conductivity and velocity shear (taken during the Arctic Internal Wave Experiment (AIWEX) in March -April 1985 (Figure 1) ) to investigate the staircase structure in the central Canada Basin. Their 1987 paper found the staircase to be most clearly defined between 320 and 430 m depth, with 1 to 2 m thick homogeneous layers separated by high-gradient interfaces several centimeters thick across which the potential temperature jumps were dq % 0.004 ! 0.012°C. Dillon [1987, 1989] showed that the properties of the Canada Basin staircase were consistent with analytical and laboratory studies of double-diffusive convection, and estimated vertical heat fluxes associated with diffusive mixing to be in the range 0.02 ! 0.1 W m
À2
.
[4] Here we present temperature and salinity measurements of the double-diffusive staircase from a series of IceTethered Profilers (ITP) that operated over a substantial portion of the Canada Basin between 2004 and 2007. In the next section, we review the ITP instrumentation and observations, then proceed in section 3 to describe the presentday staircase characteristics and report heat flux estimates. In section 4, we discuss turbulent heat transport from the AW, and infer turbulent mixing at the boundaries of the Canada Basin where the well-formed staircase is not observed. The results are summarized in a concluding section.
Observations
[5] The ITP is an automated profiling conductivity-temperature-depth (CTD) probe that returns frequent (two or more profiles per day) high vertical resolution measurements of upper ocean temperature and salinity beneath sea ice during all seasons. The ITP is deployed through a 25 cm diameter hole drilled in perennial ice that is typically between 2 and 4 m thick. The system includes a profiling vehicle that cycles vertically along a weighted tether from just below the supporting ice floe to typically 760 m depth on a preprogrammed sampling schedule. The CTD on the ITP samples at 1 Hz and the vehicle profiles at a speed of about 25 cm s
À1
, so that the raw data have a vertical resolution of around 25 cm. Communication between the profiler and surface controller is by means of an inductive modem. Full-resolution ITP sensor data are transmitted from the underwater profiler to the surface buoy via the modem and relayed to shore via the Iridium Satellite system. The ITP data are processed immediately upon reception and preliminary products are made directly available on the web (www.whoi.edu/itp). Technical details of the ITP system are given by Krishfield et al. [2006 Krishfield et al. [ , 2008 , and at www.whoi.edu/itp.
[6] The observations presented here are collected from six ITPs that drifted with the multi-year ice pack in the Canada Basin (the anticyclonic Beaufort Gyre). Typical ice drift speeds are around 10-20 cm s
, an order of magnitude larger than typical upper ocean current speeds in the Canada Basin. Differences observed in sequential ITP profiles are therefore interpreted here as spatial as opposed to temporal changes. Between August 2004 and October 2007, these six ITPs (Table 1 ) returned over 6400 profiles of temperature and salinity from 7 -10 m down to 760 m depth (other ITPs are presently operating in the Canada Basin; see www.whoi.edu/itp). These ITP CTD data were corrected for sensor response errors following procedures detailed by Johnson et al. [2007] . The conductivity data were calibrated relative to recent ship observations from the region, and then edited to remove profile segments where the CTD sensor was obviously fouled. The conductivity calibration involved the derivation of profile-dependent multiplicative adjustments to match ITP potential conductivities on the 0.4 and 0.5°C potential temperature surfaces (below the AW core) to spatially varying reference fields on the basis of the shipboard data. The resulting ITP salinity data match the ship data to better than 0.005. On the basis of postdeployment calibration of two ITPs that were recovered (ITPs 1 and 4), we estimate temperature and pressure sensor accuracies to be ± 0.001°C and ±1 dbar, respectively. We use the final 1 Hz time series data (available via the ITP web site) for the present analysis as the 1 dbar bin-averaged data (also produced and available as above) do not adequately resolve the thermohaline staircase stratification.
3. Double-Diffusive Staircase 3.1. Regional Hydrography
[7] The double-diffusive convection at the upper boundary of the AW taps the potential energy associated with the unstably stratified temperature field, the AW having a maximum temperature around 350 m depth (Figure 2 ). The AW core waters are warmest near the AW inflow to the Canada Basin in the northwestern sector of the basin (Figure 3a ) with no discernable seasonal variability over the [Padman and Dillon, 1987 , 1988 , 1989 , and the asterisk denotes the position of a microstructure profile from the August 2005 expedition of the Swedish icebreaker Oden. Morgan [1994] ), double diffusion can occur when the density ratio (based on vertical gradients of S and q), R r = b@S=@z/a@q=@z > 1, where the overbar denotes the mean over the thermocline. In the thermocline in the ITP survey region, 3 ] R r ] 6, with a trend toward higher values from northwest to southeast across the basin (Figure 3b ). Note that ITPs were deployed over the abyssal plain of the central Canada Basin to avoid collision with the continental slope; in section 4, we will use an additional ship-derived hydrographic data set to investigate regions of the basin near lateral boundaries.
Staircase Characteristics
[8] Double-diffusive staircase stratification is present over a significant area of the Canada Basin; all but a small fraction of the ITP profiles ( Figure 1 ) indicate a staircase between about 200 and 300 m (The staircase is absent in less than 4% of ITP profiles. No staircase is observed at the outer edges of a warm core AW eddy where presumably it was disrupted by the associated high geostrophic shear. The staircase is also absent in several other profiles about eddylike features, and in the easternmost region sampled by ITP 1 close to the 3000 m isobath.) The staircase consists of a series of sharp interfaces across which both q and S increase with depth separated by 1 to 5 m thick well-mixed convective layers (Figure 2 ). We used a layer detection technique that is based on potential temperature gradients to characterize the staircase structure over many ITP profiles. Mixed layers were identified in the depth range of the staircase where finite difference estimates of @q/@z were much less than @q=@z. We deduced an appropriate threshold for layer detection of @q/@z < 0.005°C m
À1
. Note that the tight q À S relationship in the thermocline allows us to use potential temperature to identify layers. The potential temperature and salinity differences across interfaces are found to be dq % 0.04°C and dS % 0.014. The present day staircase is about 100 m shallower than measured in Padman and Dillon's surveys before the recent warming and shoaling of the AW, and in general with larger mixed layer thicknesses and temperature differences between layers. Note however that there is some variability in the depth of the staircase throughout the area sampled by ITPs, with deeper staircase and AW temperature maximum (around 400 m) closer to the region of the AIWEX study (Figure 1 ). This depth variability may be due in part to temporal vertical excursions of the water column. We will show, however, that the staircase layers are tightly related in q À S space over the survey region, indicating a predominantly spatial variability in staircase q À S properties. 
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[9] The stability of diffusive interfaces can be characterized in terms of the density ratio R r between adjacent mixed layers, R r = (bdS)/(adq). Padman and Dillon [1987] calculated R r values averaged over several steps, obtaining values ranging from about 4 to 6 from their 1985 observations. ITP profiles indicate values 2 ] R r ] 7 (Figure 4 with a spatial distribution as in Figure 3b) , with no discernible depth dependence.
[10] We have identified a striking lateral coherence of individual mixed layers in the staircase by plotting points in q À S space. Staircase mixed layer q À S properties group along lines that cross isopycnals (Figure 5 ), indicating individual mixed layers are coherent across the entire basin (about 800 km) with aspect ratios on the order of 10 . When normalized by b/a, the slope of the lines in q À S space is remarkably constant (Figure 6) ; the inverse slope (lateral density ratio) is given by where S x and q x are the lateral changes in salinity and potential temperature for a given layer. Note that an analogous clustering in q À S space was shown to occur for the salt fingering double-diffusive instability in the Caribbean Sheets and Layers Transects (CSALT) experiment [Schmitt, 1988; Schmitt et al., 1987] , where individual layers in a thermohaline staircase in the western tropical North Atlantic could be traced in q À S space over more than 500 km.
[11] In (near) steady state, layer q and S values are determined by a balance along the layer between lateral advective divergence and the vertical divergence of the double-diffusive heat and salt fluxes. If the vertical velocity is vertically uniform (or zero), then the horizontal divergence of velocity vanishes, by continuity, so the lateral advective divergence can be replaced by lateral advection. Hence the ratio,
where q S (in m s
À1
) and(in°C m À1 s À1 ) are the fluxes of salt and temperature. In a manner similar to McDougall [1991] who considered layering in the salt-fingering case, an equation for the flux divergence ratio can be found by taking the vertical derivative of the flux ratio R f = (b q S )/ (a) as follows,
Using (2) in (3) yields,
Assuming a flux ratio that is independent of depth (R f depends on R r , and, while there is a trend toward increasing R r from west to east across the basin, R r appears to be independent of depth.) (4) may be written as
Experiments to measure the temperature and salinity of laboratory mixed layers as functions of time indicate that the ratio of vertical fluxes approaches a constant value R f % 0.15 for 2 R r 8 [Turner, 1968] . Over the height of the staircase (about 100 m),
Our calculations discussed in the next section indicate that the temperature flux changes very little over the depth of the staircase, thus a large-scale height (i.e.,/(@/@z) ) 1) is not unreasonable. For example, a scale height of about 5 km, together with the laboratory-based R f % 0.15 could explain (1). It is also possible that other physical processes (McDougall [1991] cites migration of interfaces and vertical turbulent mixing in the case of salt fingers) may affect the lateral density ratio in thermohaline staircase layers.
Heat Fluxes
[12] Several laboratory experiments combined with theoretical analyses and best fits to oceanic cases have addressed the issue of heat fluxes across diffusive interfaces. A comprehensive review is given by Kelley et al. [2003] . Formulations have been derived to compute the vertical heat transport through a double-diffusive staircase as a function of the temperature difference across an interface between two adjacent mixed layers to the 4/3 power (''4/3 flux laws''). Hence, it is not necessary to know the thicknesses of interfaces between mixed layers in the staircase to determine fluxes, only the change in temperature dq from one mixed layer to the next. On the basis of comparisons given by Kelley et al. [2003] , we use arguably the most 134°W, 77°N ). The vertical gray bars indicate the results of a layer detection technique based on potential temperature gradients. The density ratio R r for each step is also plotted (circles) in Figure 4a at the depth of each gradient region between layers.
C00A02 TIMMERMANS ET AL.: ICE-TETHERED PROFILER OBSERVATIONS appropriate formulation derived by Kelley [1990] to estimate double-diffusive fluxes through the Canada Basin staircase. The double-diffusive heat flux (in W m
À2
) is given by Kelley [1990] as
where r is the density, c p (in J kg
À1°CÀ1
) is the specific heat of the water, Pr = v/k is the Prandtl number, v = 1.8 Â 10 À6 m 2 s À1 is the kinematic viscosity, k = 1.4 Â 10 À7 m 2 s À1 is the molecular diffusivity of heat, and g = 9.8 m s
À2
. Using (6), we estimate the heat flux through each step in every ITP profile to be F H % 0.05 À 0.3 W m À2 ( Figure 7 ). As expected, heat fluxes are largest in the northwest, closest and easternmost q À S curves from the instrument drift track (a total east-west distance of about 180 km) are shown, as well as lines of constant potential density anomaly (referenced to the surface). This prototype instrument drifted east or southeast for the first three fourths of its abortive 40-day lifetime, then backtracked west. We observe no differences in the layer q À S clustering between the eastward and westward legs. (b) Layer-averaged q À S values measured by ITPs 1 -6. Three q À S curves from different regions of the basin show bounding water properties, where the curves are from 75°N, 132°W (thick); 79°N, 150°W (thin); and 76°N, 141°W (dashed). Staircase mixed layer properties tend to group along lines, indicating individual mixed layers are coherent for about 800 km across the basin and persist for several years. to estimate heat fluxes through the Canada Basin staircase. They found average heat fluxes F H % 0.02 ! 0.1 W m À2 by estimating F H for each step. Although this form yields only small differences to (6), for the purposes of direct comparison we used (7) to find average heat fluxes from the ITP measurements to be F H = 0.22 ± 0.10 W m À2 . Heat fluxes through the present-day staircase appear to be about 3 or 4 times larger than they were in 1985, possibly a manifestation of the recent increased AW heat advection into the Canada Basin. It is worth noting, however, that heat fluxes supported by the present-day staircase are lower (only about twice as large as Padman and Dillon's estimates) in that part of the ITP survey region nearest the AIWEX measurements (Figures 1 and 7) ; that is, there exists the possibility that the differences are spatial rather than due to AW temperature increases over time. In any case, today's AW heat fluxes remain an order of magnitude less than recent estimates of vertical heat flux at the ocean surface [e.g., Maykut and McPhee, 1995; Perovich and Elder, 2002; Krishfield and Perovich, 2005; W. J. Shaw and T. Stanton, unpublished data, 2008] , which range from a few W m À2 to around 40 W m
. That is, the doublediffusive AW heat flux is only a small fraction of the total ocean-to-ice heat flux. Turbulent mechanisms for AW heat transport (discussed in section 4) may contribute more. We note that most of the surface ocean heat influencing the sea ice derives from solar energy (see, for example, Perovich and Elder [2002] , McPhee et al. [2003] , and Perovich et al.
[2007]); there is some evidence also that pycnocline upwelling of warmer Pacific-derived water below the surface mixed layer can increase ocean-to-ice heat fluxes locally [McPhee et al., 2005] .
Are Double-Diffusive Flux Laws Appropriate?
[14] The validity of the 4/3 flux laws may be verified by comparison to more direct heat flux estimates. If the interfaces between mixed layers were resolved, molecular heat transport through the high-gradient interfaces could be computed for comparison with estimates from the doublediffusive flux laws. In the absence of turbulent mixing, the conductive heat flux across interfaces can be estimated by F M = rc p k@q/@z. The ITP permits the resolution of 25 cm thick interfaces at its nominal profiling speed and sample rate, while for typical dq, the interfaces would have to be less than half as thick for the molecular fluxes to be in agreement with our double-diffusive heat flux estimates. However, a microstructure profile taken in the ITP survey region that has better than 2 cm resolution in the vertical indicates diffusive interface thicknesses that are expected given heat fluxes computed in the previous section (Figure 8 ). The microstructure profile through the staircase indicates interface gradients @q/@z = 0.36 ± 0.09°C m
À1
, to yield a molecular heat flux of F M % 0.2 W m À2 , in agreement with the 4/3 flux-law estimates.
[15] It is of interest to calibrate 4/3 flux laws on the basis of field data. In particular, Radko [2007] proposes that evolution of a double-diffusive staircase can occur through merging events whereby interfaces across which the buoyancy difference is larger grow at the expense of interfaces with smaller buoyancy variation. He formulates a timescale (that depends on buoyancy fluxes) for merging based on a linear stability analysis of buoyancy conservation equations for a series of identical steps; the statistics of merger timescales can be used to calibrate 4/3 flux laws. Layer merging ceases when layer thickness reaches a critical value and the staircase equilibrates [Radko, 2005] . It seems unlikely that layer q À S properties would group on discrete lines over basinwide lateral scales and in observations spanning several years if layers and interfaces were continuously merging and splitting (i.e., the Canada Basin staircase appears to be close to a stable equilibrium). Nevertheless, our preliminary inspection suggests there may be occasional merging and splitting in the double-diffusive staircase, and 
Turbulent Mixing
[16] Although the persistence and coherence of the doublediffusive staircase point to double diffusion as the dominant mixing mechanism in the central basin thermocline, occasional disruptions to the staircase stratification indicate turbulent mixing. Here we use energy arguments to estimate the potential for turbulent mixing to drive higher heat fluxes. Halle and Pinkel [2003] measured downward internal wave energy fluxes beneath ice cover in the western Canada Basin (between December 1993 and January 1994, around 75°N, 150°W) to be between 0.02 mW m À2 and 0.15 mW m
À2
, with the highest values during winter storm events. By assuming that all of this energy is dissipated in the thermocline, we can obtain an upper bound on a turbulent diffusivity there. This surface energy input would require a dissipation rate of kinetic energy e of around 1 Â 10 À9 W kg À1 (dividing by the approximately 100 m thick thermocline, and the density of water). Following Oakey [1982] , this corresponds to an effective turbulent vertical diffusivity of K % e/5N 2 % 5 Â 10 À6 m 2 s
À1
, where N 2 = Àg(a@q=@z À b@S=@z) % 4 Â 10 À5 s À1 is the buoyancy frequency based on the mean gradients of temperature and salinity over the thermocline. This K corresponds to an AW heat flux F H = K(rc p @q=@z) % 0.3 W m À2 , about the same as double-diffusive heat flux estimates. Although more wind energy input may take place in seasonally ice-free areas, the large mixing rate required for AW heat to contribute significantly to the surface ocean heat budget, at least in the central Canada Basin, may not be energetically possible.
[17] CTD profiles from the Beaufort Gyre Observing System (www.whoi.edu/beaufortgyre/index.html) field program in the central and boundary regions of the Canada Basin indicate that the staircase stratification is disrupted or totally absent at the basin periphery (Figure 3b ). While this may be due in part to R r variability (e.g., higher R r values to the south and east (Figure 3b ) imply very weak doublediffusive fluxes there), staircase disruption is observed even in boundary regions where R r values are lower. It is possible that there exist higher (turbulent) vertical heat fluxes at the basin boundaries [e.g., Rainville and Winsor, 2008] ; addi- 
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[18] Heat might also escape the AW through enhanced turbulent mixing in the presence of eddies, and when warm AW upwells onto the continental shelves. Toole et al. [2006] observe a warm Atlantic Water eddy in the Canada Basin, around which the staircase is disrupted. Eddies are known to be regions of enhanced mixing; Padman et al. [1990] find evidence for higher dissipation rates within a shallower eddy in the Canada Basin. However, only a few eddies that appear to partially disrupt the staircase have been observed in the ITP survey region (Many shallower eddies have been observed immediately beneath the surface mixed layer . These do not impact the AW.); the net impact of AW eddies to the surface heat budget is uncertain. In contrast, AW upwelling events at the periphery of the Canada Basin (in canyons and along the continental margin) appear to be common [e.g., Aagaard and Roach, 1990; Woodgate et al., 2005; Nikolopoulos et al., 2008 ; R. S. Pickart and G. W. K. Moore, On the nature of upwelling storms in the western Arctic, submitted to Journal of Geophysical Research, 2008] , and may provide meaningful contributions of AW heat to the surface.
Summary
[19] Ice-Tethered Profiler measurements confirm that Atlantic Water heat is transported vertically in the Canada Basin by double diffusion; the double-diffusive staircase is predominant at the top boundary of the AW throughout the central basin. Mixed layers in the staircase are shown to be laterally coherent for at least 800 km across the basin, with layer properties clustering along tightly bounded lines in q À S space. The constant slopes of these lines may be explained in terms of a balance between along-layer advective divergence of temperature and salinity and vertical divergences of double-diffusive temperature and salt fluxes. The double-diffusive flux parameterization of Kelley [1990] yields heat fluxes between 0.05 and 0.3 W m
À2
, in agreement with microstructure measurements. Vertical heat transport from the AW in the central Canada Basin likely provides only a small fraction of the total heat input to overlying waters, and it is possible that heat from the Atlantic Water escapes vertically primarily at boundary regions where there may be enhanced boundary mixing and upwelling.
